Bud primordia of Picea abies, despite a frozen shoot, stay ice free down to −50°C by a mechanism termed supercooling whose biophysical and biochemical requirements are poorly understood.
intrinsic or extrinsic (Pearce, 2001 ), but once initiated, it spreads at rates up to 27 cm s −1 throughout all plant parts that are colder than 0°C (Hacker, Ladinig, Wagner, & Neuner, 2011; Hacker & Neuner, 2007 Hacker, Spindelböck, & Neuner, 2008; Neuner & Hacker, 2012) . Therefore, an ice barrier between the frozen shoot and the bud primordium that restricts the spread of ice into the ice susceptible primordium is necessary. Additionally, the bud primordium must be protected against extrinsic nucleation from the bud surface by an external ice barrier. Structural requirements may be met by a peculiar water or ice proof bud architecture, where the bud scales and cuticle may play an important role (Quamme, Su, & Veto, 1995) .
Despite an already frozen shoot, lethal ice formation in the bud primordium of P. abies is recorded between −16°C and −50°C in midwinter (Beuker et al., 1998; Neuner & Bannister, 1995; Pukacki, 1987) . However, the overall freezing pattern around bud primordia is not known. Ice nucleation of the bud primordium could occur principally in three ways, either by extrinsic nucleation, by breakdown of the ice barrier and subsequent spreading of ice from the frozen shoot into the primordium, or by an independent ice nucleation event inside the primordial cells.
To understand freezing patterns and the movement of water and ice in shoots and buds of P. abies, knowledge of the architecture of the overall bud, the connecting tissues, and the subtending shoot is indispensable as recently shown for Calluna vulgaris .
Information about bud anatomy in conifers is scarce (Cesar & Bornman, 1996; Curtis & Popham, 1972; Lewis & Dowding, 1924) . However, in supercooling buds of Picea, Pseudotsuga, Larix, and Abies, a so-called crown tissue separates the shoot from the bud tissues (Lewis & Dowding, 1924) , whereas buds of the genus Pinus that do not supercool lack this crown tissue (Sakai, 1978) . The crown tissue in buds of P. abies (Cesar & Bornman, 1996; Curtis & Popham, 1972; Lewis & Dowding, 1924; Sakai, 1978) might serve as a structural ice barrier and aid supercooling. Cytological and histological investigations of bud architecture of P. abies should provide clear evidence for the fundamental structural properties that can restrict the intrinsic spread of ice.
Extraorgan freezing theory suggests that freezing of apoplasmic water in the stem and subtending bud scales, whereas a supercooled primordium, with decreasing temperature, produces a water potential gradient and a consequent migration of primordial water to the ice below (Ishikawa & Sakai, 1981) . However, the extent and the means by which these occur are not well understood. The boundary tissue must function as an ice barrier but must likewise allow water movement to the already formed ice masses. Ice nucleation and potential resublimation in the supercooled primordium must also be impeded.
Supercooling in overwintering vegetative buds has been detected in some conifers, but until now, only in reproductive buds of angiosperms.
For these species, features of the ice barrier tissue include the absence of an intact xylem connection, that is, provascular strands (Rhododendron spec. : Ishikawa & Sakai, 1981) , small tightly packed cells with thick cell walls that are devoid of vacuoles and intercellular spaces (e.g., Prunus persica: Ashworth, 1984; Quamme et al., 1995 Ishikawa & Sakai, 1981, P. persica: Quamme, 1978) . The ability to supercool may depend on cell wall composition. Particularly, effects on cell wall porosity may play a role because water in small diameter pores freezes at lower temperatures than water in larger pores (Ashworth & Abeles, 1984; Zwiazek, Renault, Croser, Hansen, & Beck, 2001 
| Differential thermal analysis
After sampling, differential thermal analysis (DTA) measurements were conducted according to Burke, Gusta, Quamme, Weiser, and Li (1976 (MacKenzie, Kuster, & Luyet, 1975) . After warming to room temperature, samples were shipped to Raleigh (NC, USA), where they were further processed in the Livingston laboratory. Samples were additionally treated with methanol-formaldehyde-acetic acidalcohol and then taken through an ethanol dehydration series and embedded in paraffin using a microwave-assisted protocol (Livingston et al., 2009 ).
Paraffin embedded tissues were sectioned with a rotary microtome (Leica, Model RM2255, Wetzlar, Germany) at 20 μm and triple stained with safranin, fast green, and orange G (Livingston et al., 2009 ). Safranin stains lignified, cutinized, and suberized structures, whereas fast green stains cellulose walls and cytoplasm (Johansen, 1940) . Sections were photographed with a Canon Rebel T3i (Canon Inc, Taipai, Taiwan) mounted on a Nikon Eclipse 50i light microscope (Nikon Corporation, Tokyo, Japan) at 20× and 100× magnification. A 10 mm, 100 part photo-reticle was used to calibrate measurements in all images.
| 3D reconstruction
To visualize frozen buds in three dimensions, 341 sequential images of freeze-fixed and stained sections were imported into After Effects (Adobe Systems Inc.). Images were aligned manually and background color was removed using color-clearing subroutines within After Effects as described (Livingston et al., 2010) . Voids were considered to be a result of ice formation when at least three to five sequential images had similar tissue or cell separation at the same anatomical location. Sections from frozen plants were also compared to unfrozen controls and only voids that were not present in sections from unfrozen plants were considered to be caused by ice formation. In addition to voids caused by ice formation, resin ducts within the buds were also identified (Videos S1 and S2). Voids were identified and color coded using the Roto-Brush tool within After Effects. The animated videos shown in the Supporting information were created as described by
Livingston and Tuong (2014).
| Total water potential
Total water potential of the bud primordia of detached vegetative buds of P. abies were determined using eight C-52 chambers (Wescor Inc., Logan, UT, USA). The chambers were connected to a PSYPRO water potential system (Wescor Inc.). The PSYPRO system measures water potentials on the basis of psychrometric recordings. The C-52 chambers were used with sample holders with a diameter of 7 mm and a depth of 2.5 mm.
The C-52 chambers were calibrated with NaCl solutions (OPTI-MOLE™ Osmolality Standards, manufactured for Wescor, Inc.) with concentrations of 100, 290, and 1,000 mmol kg −1 . These standards were applied to 6 mm diameter filter paper discs (Whatman, Schleicher & Schuell, type 597, pore size 4-7 μm).
Water potential was measured on isolated bud primordia, which were dissected from the shoot tissues with a razor blade. To ensure that only primordial cells were measured, all other tissues below the primordium were removed. This was done by cutting off layer after layer from the direction of the subtending shoot to the primordium, until the nearly transparent cells of the crown tissue got visible. Bud scales were removed by a gentle twisting and squeezing motion. were acquired with an integration time of 1.2 s and a laser power of 100 mW. Although many bands are overlapping, integration over some characteristic bands allowed us to follow overall chemical composition as well as differences within the investigated region. ; N 2 was used as nebulizing gas at 6 bar; and distance from sample to sprayer tip was kept at approx. 7 cm). MALDI-timeof-flight (TOF) MSI was performed using a Bruker Ultraflex MALDI TOF mass spectrometer equipped with a smartbeam Nd:YAG-laser with an effective spot size of 35 μm; the laser power was adjusted to 80% (manufacturer's arbitrary units). In positive ion reflectron mode, the sample was rastered at a lateral resolution of 100 × 100 μm and 100 MS spectra in the mass range of m/z 100 to m/z 2,000 were averaged at every single spot. Data were analyzed using FlexImaging 2.1 software (Bruker Daltonics). The mass filter ranges for the generation of ion images were set to ± 0.025% of the monoisotopic molecular ions' m/z value.
| Raman spectroscopy

| Mass spectrometry imaging
| Statistical analysis
Mean values of ice nucleation temperatures (of the primordium of P. abies [LTE] ) and frost resistance of the primordia for each season (n = 9 in summer, n = 19 in winter) were calculated (see Figure 3) .
The supercooling ability of bud primordia depending on different treatments was tested on 44 controls, 24 damaged ("cut"), and 24 infiltrated buds (see Figure 4) . Differences between mean values with homoscedasticity were tested with a one-way analysis of variance (ANOVA) and a subsequent Duncan post hoc-test. In case of a negative Levene-test, the Mann-Whitney U-test was used as a nonparametric post hoc-test (SPSS Statistics, IBM Corp.,Version 21.0., Armonk, NY).
All analyses were conducted at a significance level of p ≤ .05.
3 | RESULTS
| Structural features of overwintering vegetative P. abies buds
The vegetative buds of P. abies consist of various highly differentiated tissues (Figure 1a,b) . The chlorophyll containing primordium inside the vegetative buds of P. abies is covered by numerous densely packed bud scales and consists of a shoot primordium and many attached leaf primordia (3D reconstruction: Video S1). The shoot primordium is separated from the mature shoot tissues by a distinct tissue just below it, called the crown (Lewis & Dowding, 1924) , which is about 0.21-mm thick (see Video S1). The crown tissue consists of 3-8 cell layers with thicker cell walls than surrounding cells and lacks intercellular spaces.
In the frozen state, ice crystals accumulated and formed a void LTEs in summer were recorded at significantly higher temperatures (mean −7.1°C ± 1.8 SE) than in winter (mean −23.8°C ± 0.4 SE). Frost resistance (LT 50 ) is significantly higher in winter (mean −24.2°C ± 0.8 SE) than in summer (mean −6.6°C ± 0.8 SE). The box plots indicate the median (= second quartile; line inside the box) and extend from the first to the third quartile. The whiskers show at most the 1.5-fold interquartile range
| Chemical patterns
The ice barrier tissue stained primarily green, indicating cellulose and functional cytoplasm (Ruzin, 1999) . Interspersed with and surrounding this tissue were red-staining cells indicating lignified or cutinized structures (Ruzin, 1999) .
To identify the in vivo chemical composition of tissue within the buds of P. abies by Raman imaging, it was necessary to section the inner bud without any chemical transformation (e.g., fixation) and dehydration (as necessary for most common histological proce- LTEs of supercooled primordia of vegetative buds of Picea abies (n = 44 "control," n = 24 "cut," and n = 24 "infiltration") recorded during three controlled freezing treatments in April/May 2014. Half of the buds were either infiltrated with water by the use of a vacuum pump or the tip of the bud scales was cut off with a razor blade without damaging the primordium. By these treatments, supercooling ability of the bud primordia was completely lost. The box plots indicate the median (= second quartile; line inside the box) and extend from the first to the third quartile. The whiskers show at maximum the 1.5-fold interquartile range. Outliers are shown as black dots. LTE = low temperature exotherms; HTE = Low temperature exotherms When the buds reached a temperature of −15.0°C and −18.0°C in April 2013 and January 2015, respectively, the total water potential of primordia was significantly more negative. Significant differences between the total water potential of primordia at different temperatures are indicated by capital letters (April 2013) and lower case letters (January/February 2015). The box plots indicate the median (= second quartile; line inside the box) and extend from the first to the third quartile. The whiskers show at maximum the 1.5-fold interquartile range. Outliers are shown as black dots FIGURE 6 Raman imaging on a microcut winter bud of Picea abies: (a) The region of interest was restricted to the crown tissue as marked in the light microscopic overview images. After spectra acquisition, Raman images (b) were calculated by integrating from 1,056 to 1,137 cm −1 (black and white, all structures), 370 to 385 cm −1 (red, cellulose), 838 to 868 cm −1 (pink, pectin), 462 to 500 cm −1 (blue, starch), and 1,523 to 1,700 cm −1 (green, protein). (c) Extracted Raman spectra reveal details on the molecular structure of the whole investigated region (black spectrum) and the starch (blue spectrum) and protein (green spectrum) rich deposits. White crosses in the Raman images mark the position of the extracted starch and protein spectrum. CCD = charge-coupled device 4 | DISCUSSION 4.1 | Freezing pattern and structural requirements for supercooling
The remarkable supercooling ability of bud primordia of P. abies is facilitated by extrinsic and intrinsic ice barriers and the absence of active ice nucleators. After mechanical destruction of the bud scales or vacuum infiltration with water, supercooling ability was completely lost. Isolated primordia of larch (Larix kaempferi) were also unable to supercool (Endoh, Kuwabara, Arakawa, & Fujikawa, 2014) . This suggests that the complex covering by water-proof densely packed bud scales is essential for protection against extrinsic ice nucleation. Similarly, intact bud scales appeared to be indispensable for supercooling of flower buds of P. persica (Quamme et al., 1995) . When air cushions were artificially filled with water, the primordium froze instantaneously at HTE. Evidently, the primordial epidermal tissue is not able to prevent ice penetration, which is in contrast to fully differentiated epidermal tissues of other species Neuner & Hacker, 2012; Wisniewski, Lindow, & Ashworth, 1997) .
Ice nucleated in the shoot around −10.6°C, which corresponds to earlier findings (Buchner & Neuner, 2009; Pukacki, 1987) . Then ice was monitored to spread rapidly via the xylem throughout the whole shoot, further into intracellulars of the bark and into the base of the bud scales. Intrinsic ice nucleation of the primordium was apparently inhibited by a bowl-shaped tissue, which confines the primordium from the shoot, and apparently acts as an ice barrier.
Anatomical characteristics of this tissue are similar to those of reproductive overwintering buds of angiosperms (e.g., Ashworth, 1984; Jones et al., 2000; Quamme et al., 1995) , that is, small tightly packed cells with thick walls that are devoid of vacuoles and intercellular spaces.
Under the experimental conditions in all three buds, ice nucleated spontaneously inside the primordium (between −18.2°C and −21.4°C) and did not enter via the crown tissue. Evidently below a certain temperature threshold, ice nucleators inside the primordium become active and trigger intracellular ice nucleation. Similar observations were reported for supercooling reproductive organs of other woody plants (Kuprian et al., 2016; Kuprian, Briceño, Wagner, & Neuner, 2014; Wisniewski, Gusta, & Neuner, 2014) . This freezing pattern is in contrast to that in supercooling xylem parenchyma cells (XPCs; Neuner, Xu, & Hacker, 2010 (Ide, Price, Arata, & Ishikawa, 1998) . In winter, the water potential of unfrozen primordia of P. abies was at mean −3.5 ± 0.3 MPa (Figure 4 ). This corresponds well with osmotic potentials of bud primordia (−3.0 MPa) of Malus domestica (Pramsohler & Neuner, 2013) . In contrast, to P. abies, however, buds of M. domestica supercool but do not freeze intracellularly upon frost damage.
Adjustments of water relations during winter have generally been considered to play a key role in frost survival of tissues (Margesin, Neuner, & Storey, 2007; Zwiazek et al., 2001) . Reduced water potentials during winter in buds may be a general feature and originate from dehydration but also from accumulation of osmotically active substances, such as sugars detected by MALDI-TOF.
Supercooled primordia of P. abies get freeze dehydrated, and dehydration is temperature dependent ( Figure 5 ). During controlled freezing water, migration out of the primordium was 1.5-fold higher in January versus April. This may indicate that water migration from the primordium to extraorgan ice masses is in winter more effectively performed across the barrier. The freeze dehydration rate could either be influenced by the water potential gradient or by changes of the permeability of the barrier.
A comparable extent of freeze dehydration has been reported for buds of M. domestica (Pramsohler & Neuner, 2013 ) and florets of Rhododendron sp. (Ishikawa & Sakai, 1981) . Exposure of primordial cells to freeze dehydration may require similar physiological provisions as frost tolerant cells that freeze extracellularly. As freeze dehydration is also observed in bud primordia that do not supercool, freeze dehydration may not be a unique feature of supercooling primordia.
Water removed out of the primordium of P. abies freezes extraorgan below the crown. These ice masses form a large cavity and destroy the pith parenchyma tissue by mechanical disruption.
Other conifers with supercooling bud primordia also seem to form such cavities (Lewis & Dowding, 1924) . Freezing of this removed water was not detectable by IDTA, as the efflux of water might be too slow for detection.
| Peculiar chemical features of the ice barrier tissue and the primordium
Within and between the cell walls of the bowl-shaped ice barrier tissue, a high content of pectins was detected. The functional role of pectins has been demonstrated in peach buds where a degradation of pectins and/or chelating of Ca 2+ resulted in the elimination of supercooling (Wisniewski & Davis, 1995) . Pectins reduce the pore size diameter in cell walls (Albersheim et al., 2010) . This could make cell walls impermeable for ice because water in small pores freezes at successively lower temperatures (Ashworth & Abeles, 1984) . A small pore size diameter in cell walls is a feature of supercooling conifers because cell wall pores of these species were found to be smaller than in species that do not supercool (Zwiazek et al., 2001 ).
Cell walls of the ice barrier were not lignified or suberized, which, in contrast, appeared to contribute to supercooling of Rhododendron bud primordia (Chalker-Scott, 1992 ); however, a peculiar distribution pattern for proteins was detected (Figure 6b ). Proteins related to cold hardiness can occur in the cytosol or are secreted into the apoplast and have osmoregulatory and cryoprotective function or even antifreeze activity (Margesin et al., 2007) . Apoplastic proteins reportedly have cell wall modifying functions are pathogenesis related or when bound to cell walls or cell membranes have antifreeze capacity (Griffith et al., 1992) . In P. abies, they may also aid in directing water towards ice masses in the shoot. Proteins can additionally have Ca
2+
-binding activity (Puhakainen et al., 2004) , which could contribute to an interaction with pectins.
Supercooling capacity of P. abies bud primordia increases with season (from summer to winter) by 19.3 K (−5.3°C to −24.6°C; Kuprian et al., 2017) . The underlying biochemical changes in the tissues of P. abies buds are under investigation (Oberhammer, 2016) . Preliminary results suggest that the molecular distribution patterns in bud primordia in summer and winter are quite similar with starch and amino acids forming prominent components and distinct difference between the primordial tissue, the ice barrier and the stem tissue below by this corroborating the results of Raman spectroscopy.
In primordial cells close to the crown tissue, an accumulation of amorphous starch and of di, tri and tetrasaccharides was detected.
Accumulation of sugars such as glucose, fructose, sucrose, and raffinose during cold acclimation of plants is well documented (Kawamura & Uemura, 2014) . In addition, the accumulation of raffinose and fructose-based oligosaccharides has been correlated to increased freezing tolerance (Kawamura & Uemura, 2014; Livingston et al., 2009 ). For needles of P. abies, frost hardening and dehardening correlated with an increase and decrease of sugar levels, respectively (Aronsson et al., 1976; DeHayes, 1992; Ogren et al., 1997) .
Carbohydrates have long been recognized as an important contributor to freezing tolerance. Proposed mechanisms involving various forms of sugars are freezing point depression of specific tissues, prevention of cell plasmolysis as water migrates from cells during freezing, dilution of toxic compounds as cell contents are concentrated during freeze dehydration, prevention of adhesive stress as apoplastic ice approaches cells walls and membranes, alteration of glass transition temperatures during dehydration, and membrane stabilization by fructans (Green, 1983; Hincha et al., 2007; Levitt, 1959; Livingston, Olien, & Freed, 1989; Olien & Smith, 1977; Santarius, 1973; Steponkus & Lanphear, 1968; Sugiyama & Shimura, 1967; Trunova, 1965; Wolfe & Bryant, 1999) . It is probable that some form of each of these mechanisms is operative in varying tissues at any given time during freezing; this makes an accurate understanding of freezing tolerance in plants a daunting task indeed.
Our results not only document peculiar cell-specific patterns of sugar concentrations in supercooling bud primordia of P. abies but also a highly diverse layer of cells in terms of molecular compounds within the crown tissue and adjacent primordial cells. This underscores the need for a thorough, tissue and/or cell-specific analysis of tissues that contribute to survival if freezing tolerance in plants is to be accurately understood.
